The drug-resistant leukemic cell lines, CEM/VLBlm and K/ DAU-, are more sensitive to tumor necrosis factor a (TNFa)-mediated cytotoxicity compared with their parental cell lines, CCRF-CEM and K562 c1.6. Drugresistant leukemic cell lines have more active mitochondrial function, which is associated with a greater susceptibility to TNFa-induced respiratory inhibition. TNFa blocked electron transfer at three sites, NADH dehydrogenase (complex I), succinate dehydrogenase (complex 11). and cytochrome c oxidase (complex IV). Respiratory rate and electron transport chain enzyme activities were significantly inhibited in the drugresistant, TNF-sensitive cell lines. Respiratory inhibition preceded cell death by at least 5 to 8 hours. The respiratory failure was not compensated for by appropriate up-regula-HE MECHANISM by which tumor necrosis factor a (TNFa) induces cytotoxicity and cytolysis is poorly understood. Several potential mechanisms of TNFa-mediated cell lysis have been reported, including activation of phospholipase AZ,' disruption of microfilaments,* inhibition of mitochondrial electron t r a n~f e r ,~.~ generation of free radicals by mito~hondria,4.~ and DNA damage.6
HE MECHANISM by which tumor necrosis factor a (TNFa) induces cytotoxicity and cytolysis is poorly understood. Several potential mechanisms of TNFa-mediated cell lysis have been reported, including activation of phospholipase AZ,' disruption of microfilaments,* inhibition of mitochondrial electron t r a n~f e r ,~.~ generation of free radicals by mito~hondria,4.~ and DNA damage. 6 Not all tumor cells are sensitive to killing by secreted TNFa. The precise mechanism by which TNFa induces cell death, and thereby which resistant cells avoid cytotoxicity, is unclear. The factors that determine resistance to TNFa may reside intracellularly, since binding to high-affinity receptors, internalization, and degradation occur in other cells to a similar degree independently of sensitivity to TNFamediated cytolysi~.'.~
The mitochondrion has been proposed as one of the primary targets of TNFa in human leukemic cells' and the murine fibrosarcoma cell line L929. 4 Inhibition of mitochondrial electron transfer in the L929 cell line after treatment with TNFa is a direct result of intramitochondrial generation of superoxide ani0ns.4~ It has also been demonstrated that TNFa can induce a significant production of malonyldialdehyde (MDA), a free radical-induced lipid peroxidation product, after 8 hours of exposure." Moreover, protection of tumor cells against TNFa-mediated killing may be conferred by over-expression of the intramitochondrial free radical scavenger, manganese superoxide dismutase (MnSOD)."
In a previous study" we examined the human erythroleukemic cell line K562 c1.6 and its daunorubicin-resistant subline K/DAUm, as well as the human T-lymphoblastic leukemic cell line CCRF-CEM and its vinblastine-resistant subline CEMNLBlm. Both drug-resistant cell lines, WDAUm and CEMNLBlm, were more sensitive to cytotoxicity induced by TNFa than their drug-sensitive parental cell lines. Although this was related in part to decreased MnSOD activities in the drug-resistant cells, persistence of differential sensitivity to TNFa when both MnSOD and Cu/ZnSOD are inhibited by nitroprusside suggests that an alternative mechanism is also present. Our findings indicate that TNFa-mediated killing of leukemic cells is preceded by inhibition of T tion of the glycolytic pathway. Increasing mitochondrial respiratory rate and enzyme activities by long-term culture with 2 mmol/L adenosine 5"diphosphate (ADP) and Pi sensitized both drug-sensitive and drug-resistant cells to TNFa-induced cytolysis. lntramitochondrial free radicals generated by paraquat only had a limited and delayed effect on respiratory inhibition and cytolysis in comparison with the effect of TNFa. We conclude that TNFa-induced cytotoxicity in leukemic cells is, at least in part, mediated by inhibition of mitochondrial respiration. Free radical generation by TNFa may not directly lead to the observed inhibition of the mitochondrial electron transport and other mechanisms must be involved.
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the mitochondrial respiratory chain. Increased activity in the enzymes of the mitochondrial electron transport chain in drug-resistant cell lines are associated with a greater susceptibility to TNFa-mediated killing. However, free radical generation per se may not be directly responsible for inhibition of mitochondrial activity or subsequent cell death.
MATERIALS AND METHODS

Materials.
Recombinant human TNFa; 2,4-dinitrophenol (DNP); adenosine 5'-diphosphate (ADP); HEPES; sucrose; M@,; digitonin; rotenone; succinic acid'Na2; antimycin A; ascorbic acid; N,N,N',N'-tetramethyl-pphenylenediamine (TMPD); and paraquat dichloride. Lactate dehydrogenase assay kit, glucose assay kit, and lactate assay kit were obtained from Sigma Chemical CO (Poole, Dorset, UK). L-malic acid'Na2 was obtained from Aldrich Chemical Company (Gillingham, Dorset, UK).
Cell lines and culture conditions. The following cell lines were used in the study: K562 c1.6 human erythroleukemic cell line and its daunorubicin-resistant subline K/DAUm'3; CCW-CEM human T-lymphoblastic leukemic cell line and its vinblastine-induced MDR counterpart CEMNLB,M).14 The cells were cultured in RPM1 1640 medium (Sigma) supplemented with 10% heat-inactivated fetal calf serum (FCS), 25 mmoVL HEPES, 2.0 mmol/L L-glutamine, pH7.4, penicillin (100 U/mL), streptomycin (100 &mL) at 37°C in a humidified atmosphere with a 5% CO2 incubator. Cell concentration was maintained at 3 to 10 X IO5 cells/mL. by subculturing every 2 or 3 days.
To upregulate mitochondrial respiratory metabolism, CCRF-CEM and CEMNLBlw cell lines were cultured in medium containing 2 mmoVL ADP and Pi (KzHP04; pH 7.2-7.3) for 1 week. The supernatant was replaced by fresh ADP-containing medium every 2 days.
Measurement of oxygen consumption. Leukemic cells in culture medium with or without 250 U/mL TNFa were harvested at the indicated times. After centrifugation and washing in buffer containing 0.25 mmoVL sucrose, 20 mmoVL HEPES (pH 7.2). and 10 mmoVL MgCIZ, lo7 cells were resuspended in a small volume of respiratory medium consisting of 0.25 mmoVL sucrose, 0.1% bovine serum albumin 10 mmoVL MgC12, 20 mmoVL HEPES, 5 mmoVL KH2P04 (pH 7.2) and 1 mmoVL ADP and kept on ice.
Oxygen consumption of leukemic cells was measured with the Rank oxygen electrode (Rank Brothers, Cambridge, UK) in a thermojacketed sample chamber stirred with a magnetic flea.''.l5.l6 Resting respiratory rates were assessed using intact cells. A suspension of lo7 cells was adjusted to l mL in volume by the respiratory medium. The oxygen consumption of the intact cells was measured under both coupled and uncoupled (with 50 pmo1L DNP) conditions. Activities of enzymes, such as NADH dehydrogenase (NADH DHase), succinate dehydrogenase (SDHase), and cytochrome c oxidase (COX), were determined using digitonin-permeabilized cells. Cells, lo', were suspended in 0.93 mL respiratory medium in the O2 electrode and permeabilized by addition of digitonin (0.005% for CCRF-CEM and CEMNLBlW; 0.0025% for K562 c1.6 and W DAUNW)) to permit free entry of mitochondrial inhibitors and substrate~.'~ After addition of digitonin, readings were continued in the presence of malate (5 mmoVL), rotenone (0.4 pmoVL), succinate (5 mmoVL), antimycin A (0.2 pmoVL), TMPD/ascorbate (0.4 mmoU U 4 mmoVL). These compounds were successively added as 100-fold concentrated stock solution. NADH DHase activity was defined as the respiratory rate after addition of malate. SDHase activity was measured by taking the net respiratory rate induced by the addition of succinate. Similarly, the respiratory rate in the presence of the electron donors TMPD/ascorbate was used as a measure of COX activity. Oxygen consumption was calibrated with air-saturated respiratory medium, assuming 390 ng atoms/mL 0,. Respiratory rate or enzyme activity was expressed in ng atoms Oz/min/107 cells.
Assessment of TNFa-induced cell death. Cells, 106/mL, were seeded in 24-well plates and incubated with or without 250 UlmL TNFa. One hundred microliters of cell suspensions was taken out at each of the indicated times. Cell death was kinetically quantified by measurement of lactate dehydrogenase (LDH) release into the medium. The released LDH was expressed as a percentage of total cellular LDH, which was determined after complete lysis of the cells with 0.1% Triton-X 100. The LDH activity was determined by LDH assay kit. Briefly, LDH catalyzes the oxidation of lactate to pyruvate with simultaneous reduction of nicotinamide adenine dinucleotide (NAD+). The formation of reduced nicotinamide adenine dinucleotide (NADH) results in an increase in absorbance at 340 nm." The rate of increase in absorbance at 340 nm is directly proportional to LDH activity in the cells. The LDH activity was recorded kinetically at 30°C for 30 seconds. The assay was performed using a spectrophotometer (LKB Biochem Ultrospec 11, Cambridge, UK) connected to Kinetic Software run on an Apple IIe Computer.
Assay for glucose and lactate in culture media. Cells, 10b/mL, were incubated in culture medium with our without 250 UlmL TNFa at 37°C for 3 hours. Supernatants were collected by centrifugation and stored at -20°C until they were assayed. The glucose assay is based on the hexokinase method as previously describedI8 using a glucose assay kit. Glucose in the supernatant was measured at 520 nm wavelength with a spectrophotometer (LKB Biochrom Ultrospec 11). The lactate assay is based on the oxidase method" using a lactate assay kit. The peroxidase catalyzed color change at 540 nm is directly proportional to lactate concentration in the medium. The uptake rate of glucose and the production rate of lactate were calcu-** lated from changes in concentrations of glucose and lactate in the medium during the 3 hours of the experiment. Net rates were then calculated by comparison with concentrations of glucose and lactate in fresh culture medium and expressed as pmol/h/106 cells. which persisted after uncoupling of electron transport from ATP synthesis by the protonophorous uncoupler DNP.
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RESULTS
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The enzyme activities of the mitochondrial electron transport chain were measured by oxygen consumption using digitonin-permeabilized cells. The plasma membrane and mitochondrial outer membrane were permeabilized by digitonin to allow added substrate and inhibitors to interact with mitochondrial en~ymes.4.'~ The addition of rotenone blocked electron flow at the level of NADH DHase (complex I) and allowed the measurement of SDHase activity (complex I I ) after addition of the substrate succinate. To measure COX activity (complex IV), the electron flow was blocked at the bc,-site of complex I n by antimycin A, and TMPD/ascorbate were used as electron donors for COX. It was determined that the activities of NADH DHase, SDHase, and COX in drug-resistant cell lines (both CEMNLBIW and K/DAU,) were significantly greater than those in their parental cell lines (Fig 2) . For the K/DAU, cell line, the increased activities of NADH DHase, SDHase, and COX were 2.06-fold (P < .Ol), 1.41-fold (P < .OS), and 1.51-fold (P < .01) compared with those in K562 c1.6 parental cell line (Fig 2A and  B) . Similarly, for the CEMNLBIW cell line, the activities of NADH DHase, SDHase, and COX showed, respectively, ( P < .oOO1) increases compared with CCRF-CEM parental cells (Fig 2C and D) . This suggests that drug-resistant cells have more active respiratory metabolic and energy-generating systems in their mitochondria.
Drug-resistant leukemic cell lines are more sensitive to 2.17-fold ( P < .oOOl), 1.98-fold (P < .005), and 1.74-fold TNFa-mediated cytolysis. To demonstrate the differential susceptibility of leukemic cells to TNFa-mediated killing, the cytolysis of leukemic cells after exposure to 250 U/mL TNFa was assessed by LDH leakage during a 24-hour period. Three hours after the addition of TNFa, cell death was less than 3% in all leukemic cell lines (Fig 3A and B) , although definitive evidence of apoptosis can be observed (data not shown). LDH leakage by CCRF-CEM, CEMI =BlW, and K/DAUm cells was time dependent (r = 0.96-0.97, P < .01, analyzed by correlation). The time at which 15% cell death had occurred was found to be dependent on cellular susceptibilities to TNFa. For CEMNLBIW this was at 6 hours, for CCRF-CEM at 9 hours, and for K/DAUm at 24 hours. K562 c1.6 was TNF-resistant. We therefore confirmed that the drug-resistant cell lines CEMNLBIW and W DAU, were more sensitive to TNFa-mediated killing (P < .05, analyzed by ANOVA) than their parental cells.
TNFa-induced respiratory inhibition is conjned to the drug-resistant cell lines. After 3 hours of treatment with 250 U/mL TNFa, the respiratory rates of intact cells were measured under both coupled and uncoupled conditions as described above. Significant inhibition of cellular respiratory rates in the drug-resistant cell lines, CEMNLBIW and W DAUsoo. was observed under both coupled and uncoupled conditions (Table 1) . Moreover, the inhibited mitochondria were still coupled to adenosine triphosphate (ATP) synthesis, as shown by the stimulating effect of DNP. Both drug-sensitive and drug-resistant cells increased their respiratory rates by a similar percentage with the addition of DNP, 
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irrespective of treatment with TNFa. The inhibiting effect of TNFa was seen in both the coupled and uncoupled states ( Table 1) .
Effects of TNFa on the activities of mitochondrial electron transport chain enzymes. NADH DHase activity in the K562 c1.6 cell line showed a continuous increased for 3 hours after TNFa stimulation (Fig 4A) . The increased NADH DHase activity remained rotenone-sensitive, as it was inhibited by 0.4 pmoVL rotenone after 2 minutes. NADH DHase activity in CCW-CEM cells remained unchanged by TNF exposure. No increase in NADH DHase activity was detected in either of the drug-resistant cell lines K/DAUm and CEMNLBloo on exposure to TNFa; instead, there was a continuous reduction in activity in both cell lines (Fig 4A and B) . After 3 hours of exposure to TNFa, the activities of NADH DHase of K562 c1.6 and K/DAUm were 219.65% ( P < .OO01) and 45.63% (P < .mol) of their control values; CCRF-CEM and CEMNLBlw were 84.78%
and 33.00% ( P < .OO01) of their control activities. NADH DHase activity in the K562 c1.6 cell line was not only resistant to, but was activated by, TNFa.
Thirty minutes after TNFa stimulation, SDHase activity in the K562 c1.6 and K/DAUm cell lines were significantly reduced (Fig 5A) . The degree of reduction was greater, and resultant enzyme activity lower, in the drug-resistant W DAUm cell line than in K562 cells. A small increase in the activity of SDHase was observed in the CCRF-CEM cell line, whereas the activity of SDHase in the drug-resistant CEMNLBloa cell line decreased steadily throughout 3 hours of exposure to TNFa (Fig 5B) . After 3 hours the activities of SDHase in K562 c1.6 and K/DAUm decreased to 59.93% ( P < .05) and 29.73% ( P < .05) of the activities at zero time; SDHase activity in CCRF-CEM and CEMNLBloo cells were 88.58% and 37.79% ( P < .005) of their pretreated values. It is of interest that SDHase could be inhibited not only in the TNFa-sensitive cells but also in the TNFa-resistant K562 c1.6 cells, although to a lesser degree than in TNFa-sensitive cells.
After 1 hour of exposure to TNFa, COX activity increased in both drug-sensitive cell lines (Fig 6A and B) , followed 
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chondrial electron transfer inhibition preceded other evidence of cell death by at least 5 to 8 hours.
Upregulation of mitochondrial respiratory enzyme activity increases the sensitivity of leukemic cells to TNFa-mediated killing. The theory of respiratory control suggests that electron transport and ATP generation will be favored when the ADP level is high (ie, when the ATP level is low). Cells of the CCRF-CEM and CEMNLBlm cell lines were cultured in 2 mmoVL ADP and Pi-containing medium for 1 week. The frequently to avoid feedback inhibition. After 1 week of ** supernatant was replaced by fresh ADP-containing medium
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culture the respiratory rates of cells, in both coupled and
-
uncoupled conditions, and respiratory enzyme activities increased significantly in both cell lines (Figs 7 and 8 ). by a slight reduction in the CCRF-CEM cell line after 2 hours. COX activity in K562 c1.6 cells continued to increase with exposure to TNFa in the same way that was observed for NADH DHase activity. By contrast, TNFa inhibited COX activity in the drug-resistant cells. COX activity in the CEMNLBlm and WDAUaoo cell lines declined continuously during TNFa stimulation reaching 43.4% (P < .001) and 59.6% (P < .001) of their pretreatment levels, respectively, after 3 hours.
The respiratory metabolic enzymes in the drug-resistant cells displayed a greater level of sensitivity to m a -i n d u c e d inhibition than in the parental cells. TNFa-mediated mito- t y at zero time. * P < .E; **P < .01; ***P .W1; ****P < .
O O O 1 (analyzed by paired, two-tailed t-test).
For quat is quite well understood. It accepts electrons via complex I to induce paraquat radical formation but does not promote the autooxidation of complex 1."
A high dose of paraquat (1 mmol/L) was used in this study to evaluate the toxic effect of intramitochondrially generated 0; on the mitochondrial electron transport chain (Table 2 ). The CCRF-CEM and CEMNLBloo cell lines demonstrated relative resistance to paraquat; no modification in the electron transport chain enzyme activities was found after 3 hours of exposure to paraquat. Significantly increased NADH DHase activity was observed in K562 c1.6 cells (P < .01) after paraquat exposure; this increased activity remained rotenone-sensitive. A reduction in SDHase activity was observed in the drug-resistant K/DAUm cell line (P < .Ol), whereas activity of this enzyme remained unchanged in the 2407 other cell lines. COX activity was stable during exposure of cells to paraquat. Significant killing (> 15%) by paraquatinduced free radicals was seen after 24 hours; both drugsensitive and drug-resistant cells showed similar levels of cell death in response to paraquat. After 48 hours of exposure to paraquat, 60% to 70% cell death was seen in the K562 c1.6 and K/DAUm cell lines and 30% to 40% cell death was observed in the CCRF-CEM and CEMNLBloo cell lines. Despite the toxicity of paraquat following free radical generation, inhibition of COX and NADH DHase was not observed. It, therefore, appears that the mechanism of cytotoxicity of free radicals induced by paraquat is different from that induced by TNFa.
TNFa-induced respiratory inhibition was not compensated for by switching on the glycolytic pathway. The glycolytic metabolism of leukemic cells with or without TNFa was evaluated by measurement of glucose uptake and lactate production. The drug-resistant cells, CEM/VLBl~ and W DAUm displayed similar glycolytic activities compared with their parental cells during the 3-hour experiment (Table 3) . Reduced glucose uptake and lactate production were found in the K562 c1.6 and K/DAUm cell lines after TNFa stimulation. The extent of the reduction in the glycolytic rate after TNFa exposure did not correlate with the susceptibility of leukemic cells to TNFa-mediated killing. No significant difference was found between the CCRF-CEM and CEM/ VLBIM, cell lines. We therefore documented that TNFa-induced down-regulation of the Krebs cycle due to inhibited SDHase activity did not switch on the glycolytic pathway to compensate for declined ATP synthesis.
DISCUSSION
Our study results have shown that TNFa induces cytolysis of tumor cells by inhibition of mitochondrial respiratory enzymes. Such inhibition is thought to be mediated by free radicals generated by these enzymes after stimulation by exogenous TNFa. 4 In this study we found that drug-resistant leukemic cell lines had a more active mitochondrial respiratory chain than their parental cell lines. The increased respiratory metabolism in drug-resistant cells was not only represented by a greater resting respiratory rate but also by their increased ability to respond to DNP stimulation. Activities of the enzymes NADH DHase, SDHase, and COX in drugresistant cells were all significantly higher than in their parental cells. This suggests that drug-resistant cells are higher energy producing cells in the resting state. It is unclear whether the increase in enzyme activity is due to differing amounts of available enzyme protein or conformational changes in the existing enzyme, which render it more active.
TNFa inhibited the respiratory rate of the drug-resistant cell lines WDAU,, and CEM/VLBloo after 3 hours of culture. The inhibitory effect of TNFa on oxidative phosphorylation was clearly not an uncoupling effect as inhibition occurred both in the absence and presence of the uncoupling agent DNP. Similar results have been obtained in L929 murine fibrosarcoma cells: Other studies have described coupling inhibition by TNFa on respiratory metabolism and have shown that it is associated with intramitochondrial Ca++ accumulation22 but is quite different from the uncoupling inhibition induced by free radicals following exposure to hyperoxic conditions. 16 We have shown that three specific sites of mitochondrial electron transport chain can be involved in TNFa-induced inhibition. They are NADH DHase (complex I), SDHase (complex 11), and COX (complex IV). NADH DHase and SDHase have been reported to be sensitive to inactivation by free intramitochondrial Ca++ and NADPH-dependent lipid per~xidation.~~ COX inactivation has only be seen in TNFa-induced mitochondrial inhibit i~n~.~ and has been shown to be remarkably resistant to oxidative inactivation, even when submitochondrial particles were directly exposed to various free radicals and other reactive oxygen speciesz3
To further demonstrate whether the increased sensitivity of drug-resistant cells to TNFa was due to increased mitochondrial oxidative phosphorylation, we up-regulated mitochondrial respiration by culturing leukemic cells in ADP and Pi. The CCRF-CEM and CEMNLBlw cell lines were selected for this experiment since they express lower levels of endogenous TNFa than the K562 c1.6 and K/DAUm cell lines.12 ADP and Pi act directly on metabolic stimulation at one or more loci of the phosphorylation mechanism,2s possibly at the level of ATPase26 or adenine nucleotide translocase. 27 We found that culture with ADP and Pi not only up-regulated the activity of mitochondrial electron transport chain enzymes but also increased mitochondrial Krebs cycle activity and was associated with an increased sensitivity to TNFa-mediated killing. This suggests that higher constitutive activities of mitochondrial respiratory enzymes in drugresistant cells may render them more susceptible to TNFainduced respiratory inhibition and cell death. In support of this it has been shown that depletion of the mitochondrial electron transport by long-term culture cells in ethidium bromide abrogates the cytotoxic effect of TNFa on the L929 cell line." The mechanism by which TNFa induces mitochondrial dysfunction is unknown. NADH DHase and SDHase have been identified as the sources responsible for the formation of free radicals,3'6 which are in turn toxic to the mitochondrion itself."' Free radical involvement in TNFa-mediated killing has been inferred by the enhancement of TNFa cytotoxicity following inhibition of MnSOD and CdZnSOD. However, this mechanism cannot account entirely for the differential sensitivities of human leukemic cells to TNFamediated cytotoxicity." Paraquat inhibits mitochondrial NADH DHase activity by producing free radicals and induces NADH and ATP depleti~n.'~ We found that when leukemic cells were incubated with paraquat for 3 hours, the pattern of respiratory inhibition was quite different from that induced by TNFa. Noh13' reported that the initiation of oxygen activation was only observed when mitochondrial respiration was prevented from synthesizing ATP by the absence of ADP (state 4 respiration). Our results demonstrate an enhanced cytotoxic effect of TNFa in the presence of high doses of ADP (state 3 respiration). Interestingly, Soha13' demonstrated that partial inhibition of COX activity can lead to the stimulation of mitochondrial H202 production with glycerophosphate dehydrogenase as a possible source. This suggests that intramitochondrial free radical generation induced by TNFa may occur as a result of blocking of electron transfer; the free radical generation induced by TNFa plays only a limited and delayed role in the cytolytic and cytotoxic process.
For personal use only. on October 23, 2017. by guest www.bloodjournal.org From TNFa-enhanced glycolysis has been reported in some cells during participation in an inflammatory Under such circumstances energy generated by anaerobic respiration may compensate for mitochondrial dysfunction and abrogate the toxic effects of TNFa. Our results show that the respiratory inhibition in leukemic cells caused by TNFa did not switch on the glycolytic pathway as a compensatory mechanism, possibly augmenting the cell death occurring as a result of mitochondrial inhibition.
Other factors, such as cell status or proliferative potential, may alter the susceptibility of tumor cell lines to Preliminary experiments with the CCRF-CEM and CEM/ VLBIM, cell lines, and with the U937 cell line,35 suggest that sensitivity to TNFa is not dependent on cell cycle status in these cells. Susceptibility of leukemic cells to TNFa may be mediated independently of mitotic status. We have also found that TNFa-mediated cytotoxicity does not involve nitric oxide (NO) generation (Li Jia, unpublished observations, September 1995).
The observation that drug-resistant leukemic cells are more susceptible to TNFa-mediated cytotoxicity may be of interest when assessing the relative importance of immune therapy for the eradication of minimal residual, but potentially drug-resistant, leukemic blasts after high-dose chemotherapy. It also casts doubt on the concept of global resistance of tumor cells to exogenous stimuli that may induce apoptosis. The precise mechanism by which TNFa inhibits mitochondrial respiration is unclear, but it may not be directly due to toxic damage induced by TNFa-generated free radicals. 
